Fast and bioorthogonally reacting nanoparticles are attractive tools for biomedical applications such as tumor pretargeting. In this study, we designed an amphiphilic block copolymer system based on HPMA using different strategies to introduce the highly reactive click units 1,2,4,5-tetrazines (Tz) either at the chain end (Tz-CTA) or statistical into the hydrophobic block. This reactive group undergoes a rapid, bioorthogonal inverse electron-demand Diels−Alder reaction (iEDDA) with trans-cyclooctenes (TCO). Subsequently, this polymer platform was used for the preparation of different Tzcovered nanoparticles, such as micelles and colloids. Thereby it was found that the reactivity of the polymeric micelles is comparable to that of the low molar mass tetrazines. The core-cross-linked micelles can be successfully conjugated at rather low concentrations to large biomacromolecules like antibodies, not only in physiological buffer, but also in human blood plasma, which was confirmed by fluorescence correlation spectroscopy (FCS).
INTRODUCTION
1.1. Nanoparticles and Imaging. Nanomedicine became of large interest during the last decades. 1−3 Nanoparticles such as polymeric micelles, liposomes, dendrimers, antibodies, and colloids can be applied as drug delivery systems. 4, 5 They show great potential in the treatment of different diseases 6 like cancer, 7 tuberculosis, 8 or neuro diseases. 9 Due to their tunable size, constitution, and surface-modification, nanoparticles can reach the desired target sites often preferentially. The advantages of nanomedicine often are improved biodistribution, the protection of the payload against degradation and the ability to accumulate at specific sites. 10 Independent of their role as carriers, nanoparticles can also serve as imaging agents, if labeled with a suited marker such as a fluorescent dye, magnetic elements or radionuclides. 11 For cancer imaging, the so-called enhanced permeability and retention (EPR) effect often comes into play. This effect was first described in the 1980s by Maeda and co-workers. 12 The EPR effect relies on the modified nature of the tumor tissue, which has a leaky vasculature and a reduced lymphatic drainage. In contrast to normal tissue, nanosized drug delivery systems can diffuse into tumor tissue due to the leaky vasculature. Additionally, nanoparticles show an enhanced retention in the tumor based on the decreased lymphatic drainage. 13−16 This so-called passive tumor accumulation (targeting) can be improved by an active targeting by adding antibodies or other selective binders to the nanoparticle. The resulting accumulation of the nanoparticles in the tumor can be used, besides the localized delivery of a drug, for imaging and diagnosis. 17 In cancer diseases, imaging is crucial to understanding the development and the treatment of the disease. 5, 18 Typical techniques deployed are magnetic resonance imaging (MRI), computed tomography (CT), optical imaging (OI), single-photon emission computed tomography (SPECT), or positron emission tomography (PET). 19, 20 During recent years, different combinations of those methods have been developed like PET/MRT or PET/CT and show a great potential for imaging of the main tumor. 21, 22 1.2. Pretargeting. Click chemistry can be applied to efficiently labeled nanoparticles with various functional groups for active targeting or with radioactive labels for imaging. 23−25 In a rapid labeling approach, this is done ex vivo before administration of the nanomedicine. However, in the case of radiolabeling, this can be disadvantageous, considering that the most commonly utilized radionuclides have a short half-life time like 18 F or 68 Ga with 110 and 68 min, respectively. Thus, only a time window of a few hours can be used. 5 However, many applications that are based on the accumulation of nanoparticles within the tumor tissue through the EPR-effect require a longer time frame of more than 24 h before imaging. Thus, long-lived radionuclides such as 111 In or 89 Zr with halflife times of 2.8 and 3.3 days would be necessary. 26, 27 This would, however, lead to a higher radiation dose for the patient. 23 To circumvent this problem, a pretargeting approach based on bioorthogonal in vivo reactions 28 can be used to employ short-lived radionuclides for slowly accumulating targeting vectors such as nanoparticles. In this approach, a targeting vehicle is administered first. This vehicle can be a tumor specific antibody or a nanoparticle, which is modified with reactive moieties for bioorthogonal reactions. After application, a longer time period to accumulate at the target site, either by active or passive targeting, can be provided. Subsequently, a second system is applied bearing the opposite reacting moiety and the radiolabel for imaging. This so-called pull down reagent usually consists of a small molecule to provide fast diffusion into the target site and fast clearance through the kidney in order to reduce the background signal. 29−31 1.3. Bioorthogonal Reactions. Highly selective and fast reactions are required to link two moieties within a living system. This class of biocompatible reactions is commonly described as bioorthogonal reactions. These reactions can be utilized, for example, for conjugation of biomolecules like antibodies or nanoparticles to radiolabels. 25, 32, 33 In the past decade, many different bioorthogonal reactions have been developed like the Staudinger and traceless Staudinger ligation 34, 35 and the strain-promoted alkyne−azide cycoaddition (SPAAC, a subclass of "click reactions"). 36, 37 In addition, the copper-catalyzed alkyne−azide cycloaddition (CuAAC) 38 has been proposed as a bioorthogonal ligation reaction. 39 While these reactions are suited for conjugation in vitro, they have limitations for in vivo applications due to their low reactivity in the case of Staudinger ligations and SPAACs or to the use of cytotoxic copper as a catalyst. In 2008, Fox and coworkers and Weissleder and co-workers independently introduced the tetrazine (Tz) trans-cyclooctene (TCO) ligation. 40, 41 This reaction is an inverse electron demand Diels−Alder [4 + 2] cycloaddition (iEDDA) between an electron-rich dienophile and an electron-poor diene, followed by a cycloreversion under the loss of nitrogen leading to a dihydropyridazine ( Figure 1 ). This type of reaction does not need a catalyst and is up to 10000-fold faster than CuAAC. 37, 42 Unsubstituted tetrazines (Tz; R 1 = H) possess the highest reactivity but degrade in blood serum. However, the lessreactive, methyl-substituted Tzs (R 1 = CH 3 ) have been shown to be stable under these conditions. 43 Therefore, this reaction with methylated Tzs is well suited for bioorthogonal click reactions in vivo.
Here we present the route to incorporate methylated Tz moieties as highly reactive click reagents into the hydrophilic block of amphiphilic block copolymers either at the chain end or randomly distributed. In addition, we prepare and characterize (e.g., core-cross-linked) polymeric micelles and test their reactivity for the ligation of functionalized antibodies ( Figure 1 ).
MATERIALS AND METHODS
2.1. Materials. All reagents and solvents were purchased from Acros Organics (Nidderau, Germany), Sigma-Aldrich (Munich, Germany), Roth (Karlsruhe, Germany), or Fluka (Munich, Germany) and used without further purification if not marked otherwise. Solvents with technical grade were distilled before use and solvents p.a. (pro analysis) were utilized as received. Dichloromethane and chloroform were distilled from CaH 2 . Tetrahydrofuran (THF), hexane, diethyl ether, and 1,4-dioxane were distilled from Na/K with benzophenone as an indicator. Anhydrous dimethyl sulfoxide (DMSO) was stored in a septum-sealed bottle over an activated molecular sieve (3 Å). Dimethylformamide (DMF) was purchased from VWR (Darmstadt, Germany), dried over BaO, and subsequently distilled in vacuo onto predried molecular sieves (3 Å). 2,2′-Azobis(4methoxy-2,4-dimethylvaleronitrile) (AMDVN, V-70) was purchased from Wako Chemicals (Neuss, Germany). Lauryl methacrylate (LMA) was purchased from Sigma-Aldrich and distilled prior to use. Poly(D,L-lactide) (PDLLA) was purchased as Resomer 203 S with a molecular weight of 18000−28000 g/mol from Sigma-Aldrich. Dialysis was performed with Spectra/Por membranes (Roth) with a nominal cutoff of 3500 g/mol. Deuterated solvents were obtained from Deutero GmbH dried and stored over molecular sieves. Oregon Green 488, 5-isomer was purchased from ThermoFisher Scientific. 6-Methyl-tetrazine-amine (HCl-salt) was obtained from Jena Bioscience 13 C, and 19 F NMR spectra were recorded on either a Bruker 300 or 400 MHz spectrometer. Chemical shifts (δ) are reported in parts per million (ppm) relative to tetramethylsilane and referenced; the following abbreviations are used in the experimental section for the description of 1 H NMR spectra: singlet (s), doublet (d), triplet (t), multiplet (m), and broad (br). The chemical shifts of complex multiplets are given as the range of their occurrence. Reactions were monitored by thin layer chromatography (TLC, performed on Merck silica gel 60 F254, not modified, precoated silica gel on aluminum-supported plates). The polymers were dried overnight at 40°C under vacuum and afterward submitted to gel permeation chromatography (GPC). GPC was performed in tetrahydrofuran (THF) or 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as solvents and with the following parts: pump PU 1580, auto sampler AS 1555, UV-detector UV 1575, RI-detector RI 1530 from Jasco, and miniDAWN Tristar light scattering detector from Wyatt. Columns were used from MZ-Analysentechnik: MZ-Gel SDplus 10 2 Å, MZ-Gel SDplus 10 4 Å, and MZ-Gel SDplus 10 6 Å. HPMA polymers were analyzed by HFIP as solvent containing 3 g/L potassium trifluoroacetate. For HFIP GPC, a pump PU 2080+, an autosampler AS1555, and an RI detector RI2080+ from Jasco were used. The elution diagrams were analyzed using the WinGPC Uni Chrom. Calibration was done using polystyrene (THF) or PMMA (HFIP) standards. The flow rate was 1 mL/min at a temperature of 25°C (THF) and 40°C (HFIP). For size analysis, a Malvern Zetasizer NanoZS was used. Samples were prepared at 1 mg/mL in Milli-Q water. Each sample was independently measured five times and analyzed by its mean average and standard deviation.
2.3. Synthesis. Synthesis of Pentafluoromethacrylate (PFPMA). PFPMA was synthesized according to the literature. 44 Synthesis of Hymecromonemethacrylate (HCMA). HCMA was synthesized according to the literature. 45 S y n t h e s i s o f P e n t a fl u o r o p h e n o l 4 -C y a n -4 -(phenylcarobonothioylthio)pentanoate (PFP-CTA). Synthesis of PFP-CTA was performed as recently described in the literature. 46 Synthesis of 2-Cyano-5-((4-(6-methyl-1,2,4,5-tetrazine-3-yl)benzyl)amino)-5-oxopentan-2-yl (Tz-CTA). In a Schlenk tube equipped with a stir bar, PFP-CTA (1 g, 2.25 mmol) was dissolved in 50 mL of anhydrous dioxane under an argon atmosphere. First, triethylamine (227 mg, 2.25 mmol) was added dropwise, and then (4-(6-methyl-1,2,4,5-tetrazine-3-yl)phenyl)methanamine (m-Tz; 347 mg, 1.17 mmol) dissolved in dioxane was added. The red solution was stirred for 19 h at RT under an argon atmosphere. It was concentrated in vacuo and then purified by column chromatography (eluent petrol ether/ethyl acetate = 1:1), obtaining 2-cyano-5-((4-(6methyl-1,2,4,5-tetrazine-3-yl)benzyl)amino)-5-oxopentan-2-yl benzodithioate as a red solid (497 mg). 1 Synthesis of p(PFPMA) Macro-CTA. The RAFT polymerization of PFPMA was performed using Tz-CTA for end group functionalized polymers and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (acid-CTA) as chain transfer agent and AMDVN as initiator. The polymerization was achieved in different ratios (molar ratios monomer/CTA 40−150/1). The ratio of AMDVN was always 10% of the CTA. The reagents were dissolved in absolute dioxane. After three freeze−vacuum−thaw cycles, the Schlenk tube was immersed in an oil bath at 40°C for 18 h. The pink polymer solution was then precipitated three times in hexane and dried overnight in a vacuum oven at 40°C. The product p(PFPMA) was obtained as a pink powder and could be used without further purification as macro-CTA for further polymerization. Yield: 46−57%. 1 Synthesis of Precursor Block Copolymer. The p(PFPMA) macro-CTA was dissolved in absolute dioxane in a Schlenk tube. LMA, HCMA, and AMDVN were also dissolved in absolute dioxane and added to the polymer solution. After three freeze−vacuum−thaw cycles, the solution was immersed in an oil bath at 40°C for 4 days. The polymer solution was then precipitated three times in cold methanol and dried in a vacuum oven at 40°C overnight. The block copolymer p(PFPMA)-b-p(LMA)-ran-p(HCMA) was obtained as a slightly pink powder. Yield: 88%. 1 Removal of the Dithiobenzoate End Group. The precursor polymer was dissolved in absolute dioxane, and a 20-fold excess of AMDVN in relation to the polymer end group was added. The solution was heated at 40°C for 16 h. Afterward, the copolymer was precipitated in cold methanol and collected by centrifugation. The copolymer was dried under vacuum at 40°C overnight, and a pink powder was obtained. Yield: 95−98%.
Synthesis of Amphiphilic Block Copolymers. In a typical reaction, 200 mg of the precursor polymers without the dithiobenzoate end group were dissolved in 2 mL of absolute dioxane. Triethylamine (4 equiv) was then added dropwise to the solution. Anhydrous 2hydroxypropylamine (HPA; 2 equiv) was dissolved in 2 mL of anhydrous DMSO and added to the solution under an argon atmosphere. In the case of the Tz side chain functionalized polymers, first the desired Tz was added in the designated equivalents and stirred for 6 h at 40°C before adding HPA. After 24 h, 2 equiv of HPA were added, and the solution was stirred for another 6 h before the transfer of the reaction mixture to a 3500 Da MWCO dialysis bag. The final polymer was dialyzed against water for 3 days, changing the water twice a day. Subsequently, the polymer was lyophilized, obtaining a pink powder. Yield: 84−96%. 1 2.4. Nanoparticle Preparation. Micelle Preparation. A total of 3 mg of HPMA-LMA/HCMA polymer with the desired Tz functionality were dissolved in 1 mL of anhydrous DMSO, HFIP, or a mixture of methanol and THF and dialyzed against water using 3500 Da MWCO dialysis bags for 3 days, changing the water three times a day. The micelles were extracted and core cross-linked by UV light for 10 min. Following this, the particles were lyophilized and can be redissolved for further application.
Colloid Preparation. For the miniemulsion process, in a typical reaction, 10 mg of poly(D,L-lactide) were dissolved in 2 g of chloroform. The macroemulsion was prepared by adding the aqueous phase consisting of 10 mg of dissolved block copolymer in 4.5 g of water to the organic phase and subsequent magnetic stirring of the mixture at 1200 rpm for 60 min. Afterward, the macroemulsion was subjected to ultrasonication under ice cooling for 180 s at 70% amplitude in a pulse regime (10 s sonication, 10 s pause) using a Branson ultrasonic device W450 digital, 1/400 tip. The obtained miniemulsion was stirred overnight at room temperature for complete evaporation of the organic solvent. To avoid a reduction of the aqueous phase, lost water was added.
2.5. Reaction Kinetics of Tetrazines. Reaction kinetics were determined using pseudo-first-order measurements with an excess of TCO in PBS (pH = 7.4) at 37.0 ± 0.1°C. 47 Measurements were performed in sextuplicates using a SX20 stopped flow photometer (Applied Photophysics, U.K.). Data analysis was performed by nonlinear fit using Prism 6 (Graphpad) to determine the observed rate constants, which were converted into second order rate constants by division through TCO concentration.
Measurements of reference compounds HELIOS 347Me and HELIOS 388Me 48 with PEG 4 -TCO (see SI, Figure S1 ) were performed in the fluorescence mode by following the increase in fluorescence above 400 nm. Therefore, the SX20 was equipped with a 360 nm LED light source and a photomultiplier type R374 in combination with a 400 nm long-pass filter as detector. Measurements of Tz containing polymers were performed in the absorbance mode using a 530 nm LED light source and following the decrease of absorbance at this wavelength.
2.6. Structure of the TCO-Functionalized Antibodies. The anti-TAG72 mAb CC49 was conjugated with IRDye 800 CW (LI-COR) and TCO following established procedures. 49 Briefly, the a mAb solution in PBS was mixed with 3 molar equiv of NHSfunctionalized dye (10 mg/mL solution in dry DMSO), and the pH was adjusted to 8.5 with 1 M sodium carbonate (5 mg/mL CC49 final concentration). The reaction mixture was incubated for 2 h at room temperature in the dark, and then the unreacted dye was removed using a PD-10 desalting cartridge (GE Healthcare Life Sciences). The mAb solution was then diluted to a 1 mg/mL concentration with PBS, added with 10 molar equiv of NHS-functionalized TCO, and the pH was adjusted to 9 with 1 M sodium carbonate. After 2 h incubation at room temperature in the dark, the mixture was 2-fold concentrated using an Amicon centrifugal filter (50 kDa MW cutoff, Merck), and subsequently, the TCO-CC49-IRDye-800CW was purified via PD-10. After purification, the antibody construct was analyzed by SDS-PAGE (see SI, Figure S2 ). The mAb concentration and dye functionalization grade (0.6 dyes/mAb) were measured by UV (Infinite M200 PRO, TECAN) using extinction coefficients ε280 = 210000 M −1 cm −1 and ε774 = 168000 M −1 cm −1 for the mAb and the dye, respectively. The TCO functionalization grade was measured with a tetrazine titration, as previously reported. 49 Briefly, an aliquot of TCO-CC49-IRDye-800CW was reacted with a known excess of an 111 In-labeled TZ. After 1 h incubation at 37°C, the reaction mixture was analyzed by SDS-PAGE and phosphorimager (Typhoon FLA 7000, GE Healthcare Life Scences) in triplicate. The amount of CC49-bound TCO (8 TCOs/ mAb) was then calculated from the fraction of mAb-bound radioactivity.
2.7. Protocol for Linking Antibodies and Polymeric Micelles. Click Reaction in PBS Buffer. For the bioorthogonal reaction in PBS buffer, 72 μL of 1 mg/mL solution of the Tz-micelles were added to 2 μL of TCO-antibody solution, with a concentration of 3.69 mg/mL, and incubated for 1 h at 37°C under continuous agitation. In this case, 61 Tz units would be combined with 1 TCO unit.
Click Reaction in Human Blood Plasma. For the bioorthogonal reaction in human blood plasma, 2 μL of TCO-antibody solution, with a concentration of 3.69 mg/mL, were added to 222 μL of pure plasma, and subsequently, 72 μL of 1 mg/mL solution of the Tzmicelles were added to the mixture. The plasma solution was incubated for 1 h at 37°C under continuous agitation. In this case, 61
Tz units would be combined with 1 TCO unit, diluted 4-fold with plasma.
2.8. Fluorescence Correlation Spectroscopy Measurements. FCS experiments were performed on a commercial confocal microscope (LSM 880, Carl Zeiss, Jena, Germany) customized for near-infrared (NIR) measurements, as described in detail elsewhere. 50 Briefly, the excitation of the IR-Dye CW-800 labels was done by a Ti:Sa laser (Mai Tai, Newport, U.S.A.) operating at 780 nm and focused into the sample by a high numerical aperture water immersion objective (C-Apochromat 40x/1.2 W, Carl Zeiss, Jena, Germany). The fluorescence was collected with the same objective and, after passing through a dichroic mirror, a confocal pinhole (54 μm), and 835/70 emission filter, was delivered to an avalanche photodiode detector, integrated in a FLIM and FCS upgrade kit (PicoQuant, Berlin, Germany) fiber coupled to the microscope.
After the respective incubation times, the micelle−antibody solutions were further diluted 10-fold with blood plasma and poured into eight-well polystyrene-chambered coverglass (Laboratory-Tek, Nalge Nunc International, Penfield, NY, U.S.A.) mounted in a microscope incubator (PM 2000 RBT, Pecon, Erbach, Germany) that kept the temperature at 37°C during the FCS measurements.
For each sample, a series of 10 measurements (10 s each) were performed. The time-dependent fluctuations of the fluorescence intensity δI(t), caused by the diffusion of the fluorescent species through the confocal observation volume, were recorded and analyzed by an autocorrelation function:
As it has been shown theoretically for an ensemble of m different types of freely diffusing fluorescent species, G(τ) has the following analytical form: 51 
RESULTS AND DISCUSSION
3.1. Polymer Synthesis. The goal of this study was to prepare different biocompatible amphiphilic block copolymers, from which non-cross-linked or core-cross-linked polymer micelles can be prepared. Non-cross-linked or core-crosslinked polymer micelles behave rather similar in water or aqueous buffer. Core-cross-linked micelles have, however, advantages in in vivo applications (they are more stable) because they cannot dissociate into unimers. 52 The polymers shall be functionalized with Tzs and tested in bioorthogonal ligation reactions. For this purpose, we chose a HPMA-based polymer system. These polymers are well-known in literature for their biocompatibility and already used in medical applications. 53, 54 Due to the fact that this study focuses on the reactivity toward iEDDA click reaction, we chose two different ways to incorporate the Tz units into the amphiphilic HPMA-based block copolymers. The first is to include the Tz into the end group, the second is to attach the Tz into the hydrophilic block by a polymer analogues reaction. The first approach has the advantage that the reactive group is at the end of the hydrophilic chain of the polymer, which should lead to good accessibility of the Tz. The second strategy has the benefit that multiple reactive Tzs can be incorporated into the hydrophilic block. However, their accessibility might be reduced. For the first strategy we synthesized a new chain transfer agent (CTA) for reversible addition−fragmentation polymerization (RAFT). The synthesis of this novel structure is shown in Figure 2 . The methyl tetrazine-CTA (Tz-CTA) was synthesized by amin o l y s i s o f t h e p e n t a fl u o r o p h e n y l 4 -c y a n o -4 -((phenylcarbonothioyl)thio)-pentanoate PFP-CTA with (4-(6-methyl-1,2,4,5-tetrazine-3-yl)phenyl)methanamine and characterized by 1 H NMR (see Figure 3a) .
This Tz-functionalized CTA was applied in a RAFT polymerization using the reaction conditions established for other functionalized CTAs. 55 The successful polymerization with the Tz-CTA is pictured in Figure 3b . For polymerization of the p(PFPMA) homopolymer (macro-CTA), different chain lengths were prepared as depicted in Table S1 in the SI. To prevent degradation of the end group the initiator 2,2azobis(4-methoxy)-2,4-dimethylvaleronitrile (AMDVN, V-70) was used, which initiates at 40°C. The resulting macro-CTA was subsequently used for block copolymerization with either only lauryl methacrylate (LMA), yielding p(PFPMA)-bp(LMA) precursor polymers or applied in a statistical copolymerization with LMA and hymecromonemethacrylate (HCMA) to produce the cross-linkable p(PFPMA)-b-p-(LMA)-ran-p(HCMA) precursor polymer, as displayed in Figure 4 . The synthesis of both types of block copolymers worked well and, especially for the non-cross-linkable polymers, a narrow dispersity could be achieved (Table 1) .
To avoid side reactions in the polymeranalogous reaction later on, the dithiobenzoate group was removed after polymerization by adding an excess of the initiator. In the last step, the precursor polymers were converted into the amphiphilic block copolymers. This was done with hydroxyl propyl amine (HPA) and triethyl amine (NEt 3 ) in an aminolysis reaction, yielding the final amphiphilic p(HPMA)-b-p(LMA) and the crosslinkable p(HPMA)-b-p(LMA)-ran-p(HCMA), respectively (Figure 4 ). 45 For side chain functionalization we used the same RAFT technique as described above. But instead of the new Tz-CTA, we deployed the acid-CTA as CTA (see Figures 2 and 5) , as recently described. 45 In the last step, we transformed the precursor polymers in the respective amphiphilic HPMA-based block copolymer ( Figure 5 ). Hereby, we could incorporate Tz in various quantities during the polymer analogous reaction into the hydrophilic part and characterize them by 1 H NMR technique (see SI, Figure S9 ). The non-cross-linkable polymers are displayed in Table 2 , and the HCMA containing crosslinkable polymers are depicted in Table 3 . During this process it is, of course, also possible to add additional Tz to a polymer already functionalized at the chain end (see polymer P13.1 in Table 3 ).
The block copolymers described above form spontaneously micellar structures (nanoparticles) in water or PBS buffer. This is important for possible applications, because the biodistribution of nanoparticles can be influenced by their size. And the size of the micellar structures from the HPMA-LMA/ HCMA block copolymers can be varied by the process during their preparation from 20 to 160 nm in diameter. Nanoparticles prepared from the tetrazine containing polymers are collected in Table S2 . They can be stabilized by cross-linking after micellar formation if they contain the HCMA unit. 45 Even larger nanoparticles (170−400 nm diameter) can be manufactured in a miniemulsion process as recently described. 56 Thus, particles, which can diffuse into a tumor (below 100 nm) or particles, which will end up in the liver (>100 nm) are rapidly accessible. 1 If large nanoparticles are desired, colloids filled with a hydrophobic polymer can be prepared in a miniemulsion process as shown in the Supporting Information (Figure S14 and Nanoparticle Preparation). 56 Here poly(D,L-lactide) (PDLLA) was used as hydrophobic polymer due to its biocompatible and biodegradable properties. 57 The size of the colloids can be characterized by dynamic light scattering (DLS). In this way colloids with a diameter ranging from 170 to 370 nm are accessible (see Table S2 ).
The preparation of much smaller core cross-linked micelles is realized by a solvent switch process. As published recently the size of these nanoparticles can be adjusted by the choice of method and solvent. 45 Their size can be determined by DLS (Zetasizer). The sizes of all resulting particles, independent of the preparation protocol, are compiled in the SI (Table S2) .
3.2. Reaction Kinetics. In order to determine the reaction kinetics of the differently functionalized polymers the rate constants were measured by stopped-flow spectroscopy in aqueous PBS buffer using PEG4-TCO as a water-soluble small molecule reactant (see Supporting Information, Figure S1 ). Under these conditions the polymers have formed micellar structures with the Tz units distributed between the hydrophilic corona and the hydrophobic core. So, in fact, the reactivity of the hydrophilic structure is determined directly.
As a reference, the rate constants of the reaction between PEG4-TCO and fluorogenic phenylene-aryl tetrazines HE-LIOS 347Me and HELIOS 388Me were measured under the same conditions and revealed second order rate constants of 620 and 500 M −1 s −1 , respectively. 58 Measured rate constants for end-group-functionalized cross-linkable and non-crosslinkable polymers (P1−P6, Figure 6a ) were determined to be around 600 M −1 s −1 , independent of the molecular weight ranging from 7 to 13 kDa. The rate constants for side chain functionalized polymers P7.1−P7.8 and P10.1−P10.8 exhibit similar rates to the end group bearing polymers (P1−P6) with rates around 600 M −1 s −1 when normalized to Tz amount. Second order rate constants for polymers prepared from the precursor polymers P8, P9, P11, and P12 (Tables 2 and 3 ) show similar values of approximately 600 M −1 s −1 . The high reactivity of the methyl tetrazine is thus observed for all tested polymers. It can therefore be concluded, that in these polymers the reactivity of the Tz-units with small molecule TCOs is not influenced by the local environment and especially by the fact, if they are chemically linked to the chain end or are statistically distributed in the hydrophilic block. Also, the binding of up to eight tetrazines per polymer chain, which might lead to stronger hydrophobic effects and a hiding of the tetrazines in the hydrophobic core, does not lead to a significant reduction in reactivity. Thus, it is unlikely that much of the tetrazines "hide permanently" in the hydrophobic core. As a result, polymers P7.1−P7.8 and P10.1−P10.8 offer the possibility to increase reactivity by incorporation of several units of Tz. Normalizing the reactivity to the polymer concentration increases the observed second order rate constants reaching rates of several thousand M −1 s −1 , for example, in the case of P7.8 (Figure 6b ).
Experiments to verify if all tetrazines are accessible for the reaction with TCO-units were performed by UV−vis measurements and are presented in the SI ( Figure S17 ). They could, however, not finally solve the question due to a strong increase of scattering of the micellar solution upon approaching full conversion with a TCO Amine (see SI, Figure S20 for the structure). This makes it impossible to determine, if small amounts of tetrazines are left unreacted.
3.3. Bioconjugation to Functionalized Antibodies. Next, we tested the ability of the core cross-linked micelles (nanoparticles) to undergo a click reaction with large biomolecules like antibodies (see Figure 7 ). Previous studies (click reactions performed between azide and cyclooctyne) had shown that this reaction gets very slow due to the slow diffusion of the large reactants. 25 Thus, it could only be performed in extremely concentrated systems, which is, of course, incompatible with in vivo conditions. To increase the chance for a reaction, it is therefore desirable to increase the reactivity of the click reaction and to increase the number of reactive groups per particle. In this context, it is not necessary to look for a stochiometric reaction. The quick formation of some stable bonds is sufficient. Fluorescence correlation spectroscopy (FCS) had proven to be a perfect measurement technique to follow the ligation between the polymer nanoparticle and the modified antibody. 25 Moreover, it can be applied not only in aqueous solutions, but also in blood plasma or full blood. 50 Here we choose a more reactive system, which consists of a fluorescently labeled CC49 antibody (IR-Dye CW-800 as fluorescent label), which is functionalized with eight transcyclooctene units 49 (see SI, Figure S2 , for characterization) and let it react with nanoparticles functionalized with the more reactive tetrazines. In this context it is important that the less reactive methyl substituted Tzs (R 1 = CH 3 ) have been shown to be stable in blood plasma. 43 Concerning the block copolymers, we selected P13.1, which contains altogether four Tz units per polymer (one at the chain end and three in the hydrophilic block). From those we prepared two types of core-cross-linked micelles to prevent the dissociation dynamics Table 4 and characterized by dynamic light scattering. They differ in diameter by about 15 nm. As both are not fluorescently labeled, FCS can then detect the increase of the size of the fluorescently labeled antibody, while it gets ligated to the polymer nanoparticle functionalized with Tz.
As the click reaction with Tz is discussed for in vivo click reactions, we verified in the next step that this reaction can also be performed in human blood plasma. For this purpose, we tested the ligation of trans-cyclooctene functionalized antibodies with the core-cross-linked micelles P13.1A and P13.1B and followed their size increase by FCS measurements (see Figure  8a ,b). For the click reaction, we choose a concentration of 0.243 mg of core-cross-linked micelles and 0.025 mg of antibody per mL of human plasma. This concentration represents a possible in vivo scenario, because concentrations of 1 mg (or above) of polymeric micelles per mL of aqueous PBS buffer can be prepared easily. From such a solution, 200 μL can be given to mice, where it would lead to a concentration of 0.133 mg/mL in the blood pool (assuming about 1.5 mL of blood per 20 g mouse). Therefore, the concentrations tested here in vitro are in a similar range.
As FCS measurements require a highly diluted solution, we incubated both reactants for 1 h at 37°C in human plasma at the concentration given above and diluted them afterward with The micelles are obtained by the dialysis approach using MeOH/ THF or HFIP as solvent. Figure 8 . (a) Antibody click with particle P13.1A in plasma. Normalized FCS autocorrelation curves of the antibody in plasma (black) and the antibody-particle-click after 1 h incubation in plasma (blue). For comparison the curve of the antibody-particle-click obtained after 1 h incubation in PBS and then diluted in plasma is also shown (green). (b) Antibody click with particle P13.1B in plasma. Normalized FCS autocorrelation curves of the antibody in plasma (black) and of the antibody-particle-click after 1 h incubation in plasma (blue). For comparison, the curve of the antibody-particle-click obtained after 1 h incubation in PBS and then diluted in plasma is also shown (green). (c) Fractions of the click-product (red) and the free antibody (black) vs the incubation time for the antibody-particle-mixture in plasma. (d) Antibody click with particle P13.1A in PBS. Size measurement of the particle (black) and the antibody-particle-click (red) after 1 h incubation in PBS. more plasma. The FCS measurements (Figure 8 , note that the figures give the hydrodynamic radius, not the diameter) show that the size of the fluorescent antibodies (14 nm in diameter in plasma) increases as they got ligated to the nonfluorescent core-cross-linked micelles, for which the diameter had been determined independently by dynamic light scattering (Table  4 ). This increase in size was observed for the two batches of core-cross-linked micelles (increase to 26 and 50 nm in diameter) prepared by variation of their preparation conditions. 42 For the system with smaller core-cross-linked micelles we studied also the kinetic of the process by performing FCS measurements at defined time intervals after mixing. The recorded FCS autocorrelation curves were fitted with a two-component fit (m = 2 in eq 2 in the Materials and Methods) to account for the small freely diffusing antibodies and for the larger antibody-particle-clicks, respectively. The fractions (f i in eq 2 in Materials and Methods) of these components were obtained from the fits and plotted versus incubation time in Figure 8c . It shows that after about 10 min most of the ligation did happen and 90% of the antibodies got linked to the micellar structures, resulting in a click efficiency of approximately 90%. Thus, this reaction should also be applicable in a living body. Finally, we repeated the experiment in aqueous PBS buffer for the core cross-linked particle P13.1A (see Table 4 ) and determined the size by DLS (Zetasizer). Again, a comparable size increase from 17.2 nm for the micelle to 22.2 nm for the micelle-antibody-click-product could be determined (Figure 8d ). To exclude that the size increase is a consequence of an unspecific interaction (protein corona formation) and to demonstrate that it does result from the click-reaction, we performed a control experiment. Therefore, we added the TCO functionalized (fluorescent) antibodies to core-crosslinked micelles without Tz units in the corona and performed the FCS-measurement again (see SI, Figure S18 ). In this case, no size increase can be detected, which proves that the tetrazines are required for the ligation.
In this context, we looked also at the disappearance of the tetrazine band at 520 nm in an UV−vis experiment (see SI, Figure S19 ). In UV, a strong reduction of the tetrazine band is clearly visible at the beginning of the reaction. The end point of the reaction can, however, not be determined as the overall adsorption is increasing due to the adsorption of the antibodies. However, it should be stressed here again that the click reaction between nanoparticle and antibody is not supposed to be stochiometric, and it is not the intention to let all tetrazines react with all TCO units.
This shows that these Tz-covered nanoparticles have the ability to react fast and effectively with large biomacromolecules, such as antibodies, and that this reaction is not changed in a biologically relevant medium like human blood plasma.
CONCLUSION
The aim of this study was to develop a fast reacting, bioorthogonal HPMA-based amphiphilic block copolymer system for further functionalization with antibodies and radiolabels. Different effective pathways to introduce reactive tetrazine groups into the hydrophilic part of the polymer could be established. These amphiphilic block copolymers showed very fast reaction kinetics. It can be concluded that the attachment of tetrazines to the polymer does not influence the second order rate constant of the click reaction compared to small molecules. In addition, the inclusion of several tetrazine units per polymer can further increase the reactivity toward TCO. The polymers could be successfully employed to produce nanoparticles of various sizes. These nanocarriers can be employed in different biomedical applications, due to the size variation between 20 and 400 nm in diameter. Additionally, we showed that these nanoparticles have a high efficacy and fast kinetics in conjugations with TCO bearing antibodies, even in human blood plasma. This approves one of the major applications for these particles, the rapid and bioorthogonal reaction with biomacromolecules.
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